We have previously documented anatomic and functional relationships between ventilatory and autonomic neural output. Therefore, we hypothesized in this study that hypoxia-induced changes in respiratory neural output are associated with changes in autonomic regulation of lower esophageal sphincter (LES) pressure. Respiratory neural output, heart rate, and LES pressure were measured before and during a 3-min exposure to 8% oxygen (balance nitrogen) in 12 3-to 7-d-old piglets. Respiratory neural output was determined from diaphragmatic electromyogram and LES pressure from an esophageal catheter. Studies were repeated after atropine administration in eight animals. Hypoxic exposure resulted in significant increases in diaphragmatic amplitude, respiratory rate, and minute diaphragmatic activity as well as heart rate. The biphasic response of diaphragm amplitude peaked at 1 min, whereas the responses of respiratory frequency and heart rate were sustained. Hypoxia caused a 50% increase in LES pressure (p Ͻ 0.05), which was eliminated by i.v. atropine administration. Development of apnea during subsequent hyperoxic exposure was always followed by a decline in LES pressure. Hypoxia-induced increase in respiratory neural output and accompanying increase in heart rate are associated with enhanced constrictive output to the LES. Blockade by atropine implicates a peripheral cholinergic mechanism for this LES response. We speculate that whereas hypoxia in the presence of enhanced respiratory neural output seems to be protective against reflux, decreased respiratory drive and accompanying apnea may be associated with a decline in LES tone and predispose to gastroesophageal reflux. Neuroanatomic studies have identified that neuronal circuits involved in coordination of respiratory control are linked to parasympathetic motor output from vagal preganglionic neurons in the brainstem (1, 2). A functional role for such interconnections has been documented in several species, including puppies and piglets (3, 4). For example, hypoxic stimulation in piglets is associated with an increase in both phrenic neural output and contractile responses in peripheral airways and/or lung parenchyma, which are cholinergically mediated (5). This is consistent with the clinical observation that an acute reduction in inspired oxygen may lead to airway constriction in infants with chronic lung disease (6).
increase in LES pressure (p Ͻ 0.05), which was eliminated by i.v. atropine administration. Development of apnea during subsequent hyperoxic exposure was always followed by a decline in LES pressure. Hypoxia-induced increase in respiratory neural output and accompanying increase in heart rate are associated with enhanced constrictive output to the LES. Blockade by atropine implicates a peripheral cholinergic mechanism for this LES response. We speculate that whereas hypoxia in the presence of enhanced respiratory neural output seems to be protective against reflux, decreased respiratory drive and accompanying apnea may be associated with a decline in LES tone and predispose to gastroesophageal reflux. Neuroanatomic studies have identified that neuronal circuits involved in coordination of respiratory control are linked to parasympathetic motor output from vagal preganglionic neurons in the brainstem (1, 2) . A functional role for such interconnections has been documented in several species, including puppies and piglets (3, 4) . For example, hypoxic stimulation in piglets is associated with an increase in both phrenic neural output and contractile responses in peripheral airways and/or lung parenchyma, which are cholinergically mediated (5) . This is consistent with the clinical observation that an acute reduction in inspired oxygen may lead to airway constriction in infants with chronic lung disease (6) .
Vagal preganglionic neurons, including neurons of the DMV, also contribute preganglionic parasympathetic motor innervation to the LES (7) . Therefore, alterations in respiratory neural output elicited by chemoreceptor stimulation might be expected to modulate LES pressure. This would be of particular interest during early maturation, as recurrent apnea with resultant desaturation and gastroesophageal reflux are both common in premature infants, although their relationship is controversial (8 -11 ) and difficult to simulate in an animal model. In the current study, we therefore used a piglet model to test the hypothesis that hypoxia-induced changes in respiratory neural output would be associated with changes in autonomic regulation of LES pressure.
MATERIALS AND METHODS

Experimental preparation.
All experiments were conducted in accordance with institutional guidelines and were approved by the Institutional Animal Care and Use Committee at Case Western Reserve University. Experiments were performed in 12 newborn piglets of either sex, aged 3-7 d and weighing 1.6 -3.2 kg. The piglets were fasted for 12 h before each experiment.
Piglets were initially sedated using a mixture of intramuscular ketamine hydrochloride (14 mg/kg) and xylazine (2.8 mg/kg), then anesthetized with an i.v. mixture of ␣-chloralose (24 mg/kg) and urethane (120 mg/kg), such that the animals were unresponsive to stimuli, yet breathing spontaneously. After a high cervical tracheostomy, the piglets inspired 100% oxygen through a T-piece. A femoral artery was catheterized for continuous monitoring of heart rate and blood pressure. A cephalic vein was cannulated to allow for continuous administration of fluid to maintain hydration as well as for administration of drugs. Studies were performed with the piglets placed on a heating pad to maintain body temperature between 37°and 38°C.
Diaphragmatic electromyographic (EMG) signals were measured by a bipolar electrode consisting of two stainless steel hook wires, spaced 2-3 mm apart, implanted under direct vision into the costal part of the diaphragm. The diaphragmatic electrical potentials were amplified using a Grass amplifier (model P511 K; Grass Instruments, Quincy, MA, U.S.A.) and then processed by a Paynter filter integrated with a time constant of 100 ms to obtain a moving average signal. The electrical wires were led through the abdominal incision and the animal's abdomen was sutured closed.
Manometric technique. A micromanometric assembly incorporating a sleeve sensor (Dentsleeve Pty. Ltd., Adelaide, Australia) was fed down the esophagus via the mouth. The manometric channels of the assembly were continuously perfused with degassed distilled water at 80 L/min/channel. The assembly consisted of gastric and lower esophageal pressure ports. The sleeve sensor was placed at the LES by slowly withdrawing the catheter from within the stomach so that the high-pressure zone was monitored at the lower esophageal pressure port, and the adjacent side-hole recorded gastric pressure. Catheter location was confirmed postmortem at the conclusion of each study. The transducer calibration procedure comprised measurement of deflection of the pressure transducer signal generated by each mm Hg pressure change, with a readily detectable change of 0.3 mm Hg. Stability of this system was always confirmed by application of a known resistance before and after each study. The experimental protocol was not started until at least 10 min had elapsed after placement of the catheter, to allow any reflexes triggered by its insertion to subside. An equilibration period of 15 min was allowed after each stimulus, or after administration of atropine in order that a steady basal level of sphincter pressure was reached.
Experimental protocol. Four channels were used to record simultaneous baseline values of diaphragmatic EMG, lower esophageal pressure, gastric pressure, and mean arterial pressure and heart rate while the animals were spontaneously breathing 100% oxygen. Hypoxic exposure with 8% inspired oxygen, balance nitrogen, then occurred for 3 min. This resulted in a mean change in partial pressure of arterial oxygen (PaO 2 ) from 281 Ϯ 26 to 24 Ϯ 2 mm Hg. After hypoxic exposure, the animals were returned to 100% inspired oxygen. Atropine methylnitrate, 1 mg/kg, was then infused i.v. in eight of the 12 piglets and hypoxic exposure was repeated beginning 15 min after atropine administration. In five of these piglets, a second hypoxic exposure of 3-min duration was performed, however, these data were not included in the overall data analysis because of the small sample size.
Data analysis. Respiratory neural output was determined from amplitude of diaphragmatic EMG expressed in arbitrary units (AU), respiratory rate per minute, and minute diaphragmatic activity (amplitude ϫ respiratory rate). LES pressure was expressed as the difference between recorded values of pressure at the lower esophageal high-pressure zone and gastric pressure at each time point. In assessment of the response to hypoxia, diaphragmatic amplitude, respiratory rate, minute diaphragmatic activity, heart rate, and LES pressure were analyzed over each 30-s interval.
Statistical analysis. All data are expressed as mean Ϯ SE. One-way ANOVA with repeated measures was used to test the effect of hypoxia on diaphragmatic amplitude, respiratory rate, minute diaphragmatic activity, heart rate, and LES pressure. A Newman-Keuls procedure was used for post hoc comparisons. Two-way ANOVA was used to test the effect of atropine administration on the LES pressure response to hypoxia. A p value Ͻ 0.05 was considered statistically significant.
RESULTS
Hypoxic exposure caused a significant increase in diaphragmatic amplitude, respiratory rate, and minute diaphragmatic activity as well as heart rate (all p Ͻ 0.0001, one-way ANOVA). The increase in diaphragmatic amplitude peaked at 1 min after hypoxic exposure and then slightly decreased toward the latter part of the response. At peak response, amplitude increased by 61% from baseline (p Ͻ 0.01) (Fig. 1) . The response of respiratory rate was significantly increased after 2 min and peaked at 3 min of hypoxic exposure. At peak response, respiratory rate increased by 36% from a baseline of 29.6 Ϯ 2.1 breaths/min to 40.2 Ϯ 2.7 breaths/min (p Ͻ 0.01) (Fig. 1) . The increase in minute diaphragmatic activity peaked at 1 min of hypoxic exposure and then plateaued toward the latter part of the response. At peak response, minute diaphragmatic activity increased by 79% from baseline (p Ͻ 0.01) (Fig.  1) .
In response to hypoxic exposure, heart rate was significantly increased after 1 min and then increased continuously throughout the duration of hypoxia. At peak response, heart rate increased by 43% from a baseline of 136 Ϯ 9 beats/min to 195 Ϯ 7 beats/min (p Ͻ 0.01) (Fig. 1) . Mean arterial pressure did not differ significantly at 3 min (83 Ϯ 3 mm Hg) when compared with control (80 Ϯ 2 mm Hg).
Hypoxic exposure caused a significant increase in LES pressure (p Ͻ 0.05, one-way ANOVA). LES pressure was significantly elevated at 2.5 and 3 min of hypoxic exposure compared with baseline. At peak response, LES pressure increased by 49% from a baseline of 4.9 Ϯ 0.7 mm Hg to 7.3 Ϯ 0.9 mm Hg (p Ͻ 0.05) (Figs. 2 and 3) . This was secondary to 51 HYPOXIA AND ESOPHAGEAL SPHINCTER TONE an increase in pressure at the lower esophagus, as there was no measurable change in gastric pressure.
Atropine administration (n ϭ 8) resulted in a decrease in baseline LES pressure from 4.9 Ϯ 0.7 to 2.8 Ϯ 0.8 mm Hg. Furthermore, atropine eliminated the hypoxia-induced increase in LES pressure (p Ͻ 0.02, two-way ANOVA) (Fig. 2) , without affecting the respiratory response.
Re-exposure to 100% inspired oxygen after 3 min of a first hypoxic exposure was associated with apnea of Ͼ10 s in 5 of 12 piglets. These apneic episodes began within 25 s of reintroducing 100% inspired oxygen. In five piglets who did not exhibit apnea after a first hypoxic exposure, a second hypoxic exposure was performed. Three piglets in this re-exposed group exhibited apnea, which commenced before reintroduction of 100% oxygen, as seen in Figure 4 . Therefore, apnea was observed in a total of eight animals. Apnea was always followed by a decrease in LES pressure that ranged from 1 to 4 mm Hg. Furthermore, recovery of ventilation after apnea preceded an increase in LES pressure in four of the eight piglets, Figure 1 . Hypoxic exposure caused an increase in diaphragmatic amplitude, respiratory rate, minute diaphragm activity, and heart rate in the 12 piglets. The amplitude response peaked at 1 min and then slightly declined toward the latter portion of the response. All responses were statistically significant via one-way ANOVA, and asterisks indicate a significant increase above baseline via Newman-Keuls procedure. as seen in Figure 4 . When respiratory-related oscillations were visibly superimposed on baseline LES pressure, these oscillations disappeared during apnea, as seen in Figure 4 .
DISCUSSION
The principal findings in this study are that hypoxia-induced increases in respiratory neural output and heart rate are associated with a significant increase in LES pressure, which is eliminated by atropine and, therefore, cholinergic in nature. To our knowledge, this is the first report demonstrating a significant effect of hypoxia-induced chemosensory stimulation on LES, linking changes in respiratory neural output with alteration in autonomic regulation of LES pressure. Of additional interest is the observation that development of apnea leads to a decline in LES pressure, suggesting a possible link between apnea and gastrointestinal reflux.
The ventilatory response to hypoxia has been previously characterized in anesthetized piglets, and the current responses of diaphragm amplitude and frequency are consistent with prior studies (12) (13) (14) (15) . A gradual increase in heart rate accompanied hypoxic exposure in these earlier studies (12, 13) . In preterm human infants, the biphasic response of tidal volume to hypoxic exposure is almost identical to the response of diaphragm amplitude observed in the piglets. However, unlike our model, respiratory frequency decreases in preterm infants during hypoxic exposure (16) . This discrepancy may be secondary to the relatively greater maturity of the piglet model. Nonetheless, we chose to study piglets because these studies could not be readily performed in human infants, and because ventilatory control has been well characterized in this animal model.
Our group has demonstrated that central parasympathetic motor output to the airways receives neural projections from the same region of the ventral medulla that is involved in respiratory control (1) . Chemoreceptor stimulation by acute hypercapnia increased phrenic activity and elicited a cholinergically mediated contractile response of tracheal smooth muscle in piglets (4) . Similarly, Waldron and Fisher (3) documented that hypercapnia significantly increased lung resistance in the newborn dog. Tay-Uyboco et al. (17) demonstrated that the elevated pulmonary resistance in infants with severe bronchopulmonary dysplasia is relieved by inhalation of 100% oxygen. Consistent with this observation, acute reduction in inspired oxygen leads to airway constriction in infants with chronic lung disease (6). These observations led us to hypothesize that autonomic innervation of the LES might also be modulated by hypoxic exposure.
It is likely that the observed LES contraction induced by short-term hypoxia is initiated by stimulation of peripheral chemoreceptors from which impulses are sent via sinus nerve afferents to the nucleus tractus solitarius of the brainstem (18) . At that site, signals are processed and then transmitted to LES-related vagal and/or sympathetic preganglionic neurons, and from these to the LES. Preganglionic parasympathetic motor innervation of the LES arises from the DMV and compact portion of the nucleus ambiguous. Stimulation of the DMV caudal to the area postrema relaxes the LES, probably via release of nitric oxide or vasoactive intestinal peptide; whereas activation of the rostral portion of the DMV evokes LES contraction (19) through the release of acetylcholine. Hence, the LES receives vagal efferent fibers that carry inhibitory and excitatory inputs. The findings of the present study suggest that the second-order nucleus tractus solitarius sensory neurons that receive excitatory inputs from carotid bodies project to the rostral portion of the DMV, because blockade of muscarinic receptors by atropine methylnitrate, a drug that does not cross the blood-brain barrier, inhibited the hypoxiainduced increase in LES pressure. This assumption on the role of cholinergic outflow in regulation of LES tone is supported by experiments showing that selective blockade of acetylcholine release from nerve endings innervating the LES in piglets inhibited resting LES tone (20) .
Short-term hypoxic exposure may also effect LES tone by triggering a sympathetic chemoreflex, initiated by activation of peripheral chemoreceptors (21) . More severe hypoxia may activate sympathetic outflow via direct effects on the brainstem (22) . In both cases, the rostral ventrolateral medulla plays a critical role in these responses (23) . Sympathetic innervation of the LES originates from the cardiac branch of the stellate ganglion, which joins the vagus nerve at the thoracic level as well as from the splanchnic nerve (24) . These nonadrenergic fibers have an excitatory constrictor effect mediated through intramural cholinergic neurons (25, 26) . Hence, the present results cannot rule out a contribution from sympathetic outflow to the increase of LES tone produced by stimulation of arterial chemoreceptors.
The diaphragm is composed of a costal part, which inserts into the ribs, and a crural part, which is attached to the vertebral column. The crural diaphragm forms a canal through which the esophagus enters the abdomen. Enhanced contraction of the crural diaphragm may have contributed to the hypoxia-induced increase in LES tone (27) . There is ample evidence in animal and human studies that contraction of the crural diaphragm increases pressure at the esophagogastric junction (27, 28) . However, in our study, this increase in LES pressure was abolished by muscarinic blockade without affecting the diaphragmatic response, suggesting a central origin for this association. It is possible that the oscillations in LES pressure that were in phase with the respiratory cycle, and variably observed between piglets (as seen in Figs. 3 and 4) , were related to phasic crural diaphragm contraction. We have previously ob- served in piglets that stimulation of peripheral chemoreceptors increases cholinergic outflow to the most distal airways. With the onset of phrenic firing, airway and alveolar pressures became phasically modulated (5) . This suggests that an increase in cholinergic motor activity to airways or LES arises from an elevated activity of vagal preganglionic neurons, which is affected by changes in respiratory drive.
In this study, we observed the development of apnea in eight of 12 piglets. These apneic episodes were precipitated by peripheral chemoreceptor inhibition induced by the subsequent hyperoxic exposure. In the three of these piglets, who became apneic after a second hypoxic exposure, hypoxic depression may also have contributed to the development of apnea (13, 14) . Apnea preceded a decrease in LES pressure, and subsequent recovery of ventilation occurred before an increase in LES pressure in four of the eight piglets. These findings suggest that loss of respiratory neural output might contribute to loss of LES tone. This is consistent with the observation that cholinergically mediated tracheal tone depends on the level of respiratory drive in cats (29) . This is also consistent with recent clinical data that examined the temporal relationship between gastroesophageal reflux and apnea in infants with intermittent episodes of reflux and a history of apparent life-threatening events. Although the majority of apnea was not temporally related to episodes of reflux, when a relationship was observed, apnea preceded rather than followed episodes of reflux (11) . This is entirely consistent with the recent clinical observation that antireflux medications do not reduce the frequency of apnea in preterm infants (10) .
There are some limitations to this study that merit discussion. In preterm human infants, transient LES relaxation appears to be the predominant mechanism for inducing reflux (30) . However, there is a paucity of information regarding the anatomy and physiology of the LES in the pig that make it difficult to assess the role of immaturity on our findings, and do not allow us to extrapolate these observations in anesthetized piglets to human infants. Additionally, we cannot characterize the precise contributions of parasympathetic and sympathetic pathways to the observed response, although we have identified a definitive role for cholinergic transmission in the LES responses to hypoxia. It is possible that the response of the LES to hypoxia might have arisen from altered baroreceptor activity, as has been reported for airway caliber (31) . However, we observed no significant effect of hypoxic exposure on blood pressure at 3 min. We recognize that both sedation and anesthesia, as used in this study, may reduce respiratory neural output as well as cholinergic responses, such as those of the LES, to chemoreceptor stimulation. This should not have influenced the major finding from this study that hypoxia induced parallel increases in lower esophageal tone and respiratory output. We also acknowledge that the hyperoxic state used before hypoxic exposure differs from the usual clinical status in infants. However, this was done to eliminate interanimal differences in baseline PO 2 and peripheral chemoreceptor function. Finally, it is important to recognize that our model differs from the clinical situation where a decrease in neural output with apnea is followed by hypoxia, a sequence of events we were not able to simulate in this protocol.
We conclude that hypoxia-induced increase in respiratory neural output is associated with a cholinergically mediated enhancement of LES constriction. Recognizing the limitations in extrapolating from our animal model to the clinical situation, we speculate that, in the presence of increased respiratory neural output, hypoxia is unlikely to provoke gastroesophageal reflux in infants unless there is an associated decrease in respiratory neural output, as occurs during spontaneous apnea.
